Updated information and services can be found at: In all of the mutants, expression of methicillin resistance became heterogeneous, and the MIC for the majority of cells was reduced (1.5 to 200 ,ug ml-') from the homogeneous methicillin MIC (1,600 ,ug ml-) of the parental cells. Although identification of the exact number of genes inactivated through the new set of transposon inserts will require cloning and sequencing, a rough estimate of this number from mapping data suggests a minimum of at least 10 to 12 new genetic determinants, all of which are needed together with femA,femB,femC, and femD for the optimal expression of methicillin resistance.
comparable amounts of the mecA gene product, penicillinbinding protein 2A (PBP 2A) (13) . This surprising fact has led to the suggestion that additional factors (factor X) besides the mecA gene product are also essential for the optimal expression of methicillin resistance (13) . A transposon mutant (Q2003, femzA) located outside mecA and causing a reduced methicillin resistance phenotype (and behaving as the postulated factor X) was described in 1983 (1, 2) . Two additional genes (femB and femC) were subsequently identified on the large SmaI-A fragment, and a fourth gene (femD) was identified on the SmaI fragment I of the chromosome of S. aureus COL (4, 9) . In the experiments that led to the identification of the fem genes, Tn551 mutants with severely reduced methicillin resistance were selected. In order to identify additional genetic determinants that may also be involved in the expression of resistance, we increased the resolution of the screen so that mutants with relatively lower reductions in resistance levels were also detected. The results of these studies suggest that the number of such auxiliary genes (23) capable of profoundly influencing the methicillin resistance phenotype is even larger than was thought until now.
MATERIALS AND METHODS
Strains and growth conditions. The S. aureus reference strains used in the study are listed in Table 1 and were grown as described before (19) . Transposon mutants and their backcrosses were also grown as described previously (19) .
Selection of Tn551 mutants. The transposition experiment and the selection of mutants were carried out by a modification of a previously described method (20) . The parent strain COL harboring the thermosensitive plasmid pRN3208 carrying TnS51 with the erythromycin resistance determinant [referred to as COL(pRN3208)] was grown overnight at 30°C and was then diluted and plated at different cell concentrations on tryptic soy agar (TSA; Difco) containing erythromycin (20 ,ug ml-'). The plates were incubated at 30 and 43°C for 48 h. The approximate frequency of erythromycin-resistant colonies that grew at the nonpermissive temperature (number of colonies at 43°C/number of colonies at 30°C) was 2.1 x 10-5. The erythromycin-resistant colonies grown at 43°C were checked for cadmium resistance (0.25 mM CdNO3). Since a large proportion of these colonies was cadmium resistant (indicating the retention of the whole plasmid), the colonies that were identified as being affected by methicillin resistance in the two first screens described below were grown on TSA at 43°C for 16 h to eliminate the plasmid and were tested again for cadmium resistance and methicillin resistance. Only colonies that were erythromycin resistant and cadmium susceptible were kept for further study.
Screening of mutants with decreased methicillin resistance. The erythromycin-resistant (Eryr) colonies were tested sequentially by three screens.
In the first screen, all Eryr colonies were streaked onto TSA plates with erythromycin (20 ,ug ml-1) and different concentrations of methicillin (0, 25, 50, and 400 ,ug ml-1); the same Eryr colonies were also streaked onto TSA plates with cadmium (0.25 mM CdNO3). We identified as putative mutants a The MIC for COL derivatives with the mutation Q12003 is greater than the one for the original mutant in the BB270 background (1). b Ten other mutants (QI562 to f1571) have the same restriction pattern as strain RUSA208 (Q561) (18) . C This strain was obtained by transduction of the insert from mutant 1H (QI2005) (15) into strain COL from the RU collection.
colonies that failed to grow on plates with any of the methicillin concentrations. Strain COL(pRN3208) was used as the positive control. Strains RUSA10 and RUSA12F (Table 1) were also used in all steps of the work as additional internal controls for the concentration of methicillin either on the plates or in the methicillin discs.
In the second screen, the colonies whose methicillin resistance was identified as being affected in the first screen were grown overnight in 5 ml of tryptic soy broth (TSB) with 10 jig of erythromycin ml-1 and were then tested on TSA plates containing a 1-mg methicillin disc. The controls referred to above were tested under the same conditions. After 24 h of incubation at 37°C, the halos of inhibition were measured. The use of discs containing 1 mg of methicillin have been extensively used as a reliable and easy test for the comparison of strains (lOa). Inhibition zones, determined after 24 h of incubation, were highly reproducible but were dependent on the cell concentration in the culture. For the following control strains used, the diameters of the zones of inhibition were as indicated at both 30 and 37°C: RUSA10, 52 mm; RUSA12F, 40 mm; COL(pRN3208), 15 mm; COL, 11 mm. Strains that gave inhibition halos larger than the ones of COL(pRN3208) and that were shown to be cadmium resistant were streaked onto TSA for single colonies and were incubated at 43°C for 24 to 48 h to eliminate the plasmid pRN3208. Four to eight individual colonies were picked and tested for erythromycin and cadmium resistance. The cadmium-susceptible colonies were reanalyzed with 1-mg methicillin discs. If the halos of inhibition for these strains, which were cured of their plasmids, remained larger than the ones of COL(pRN3208), the strains were studied by a third screen. Before this step all of the putative mutants were streaked for single colonies on TSA plates with erythromycin (20 jig ml-'), and the plates were incubated at 37°C for 24 to 48 h. A single colony was then inoculated into 5 ml of TSB with 10 ,ug of erythromycin ml-' to prepare frozen stocks.
In the third screen for mutants with decreased levels of methicillin resistance, candidate colonies were analyzed by population analysis profiles (PAPs) (10) (see below). Four controls were used: RUSA10, RUSA12F, COL(pRN3208), and COL. Colonies that showed a PAP different from the one of COL(pRN3208) were kept for further study. For all 70 mutants selected in this manner the MIC of methicillin was significantly lower than the MIC of methicillin for the parent strain, and all but 2 of the 70 mutants also showed heterogeneous methicillin resistance phenotypes. The presence of plasmid pRN3208 caused a moderate reduction in the MIC of methicillin for COL, from 1,600 to 800 ,ug ml-' (calculated from the PAPs). For this reason the resistance phenotypes of all mutants were also compared in the second and third screens with that of COL(pRN3208).
PAPs. PAPs were determined as described previously (10) on plates containing methicillin (0, 1.5, 3, 6, 12.5, 25, 50, 100, 200, 400, and 800 ,ug ml-l). Mutants were assigned to different expression classes according to a previous classification (24) , with the addition of an intermediate class, class 2-3. The critical parameter for the assignment of a PAP to a particular class was the MIC for the majority of the cells, as follows: class 1, 1.5 to 3 jig ml-1; class 2, 6 to 12 jig ml-; class 2-3, 25 to 50 jig ml-'; class 3, 100 to 200 ,ug ml-'; class 4, -400 jig ml-l; RUSA4 type (mecA::Tn551), 3 ,ug (19) . The primary selection was for the transposon marker erythromycin (10 ,ug ml-'). A total of 50 to 100 Eryr transductants from each transduction were streaked onto TSA plates containing erythromycin (10 jig ml-') and erythromycin (10 ,ig ml-') plus methicillin (400 ,ug ml-') by using as positive and negative controls COL(pRN3208) and the particular donor strain used in the cross, respectively. All erythromycin-resistant transductants were found to show reduced levels of methicillin resistance as well. From each cross, eight transductants were further tested for decreased levels of methicillin resistance by the 1-mg methicillin disc method, and two or three transductants were also tested by PAP analysis for their antibiotic resistance phenotypes. The location of the insert was tested by comparing the HindIlI hybridization patterns of transductants and their donors.
Conventional and pulsed-field gel electrophoresis. Preparation of chromosomal DNA for conventional and pulsed-field gel electrophoresis was performed as described previously (8 For pulsed-field gel electrophoresis, the gels were prepared with 1.1% agarose (SeaKem LE; FMC Bioproducts) in 0.5x TBE buffer as described previously (8) . The gels were run in an LKB 2015 Pulsaphor System (Pharmacia) or in a Chef-DR II apparatus (Bio-Rad). The running conditions for SmaI restriction digests in the two systems were as described previously (8) . In most cases, when restriction with other enzymes generated chromosomal fragments larger than 15 kb (difficult to separate by conventional gel electrophoresis), the digests were run in a Chef-DR II apparatus for 23 h at 14°C in 0.5 x TBE buffer.
DNA transfer. For blotting of conventional and pulsed-field gel electrophoresis gels to nitrocellulose or nylon membranes, a vacuum blotting apparatus was used (Vaccu-blot; Pharmacia/ LKB) as described in previously published protocols (8) .
Preparation of DNA probes and hybridization. The whole plasmid pRT1 (which contains an internal fragment of the transposon TnS51) was used as a probe. pRT1 contains a 4-kb HpaI-XbaI fragment from the transposon TnSSl cloned in the SmaI site of plasmid pGEM.1 (Promega) (16a). To ascertain the location of insertions in the femA-femB region, plasmids pBBB31 and pBBB13, containing the 2.2-kb femA fragment containing EcoRV and a 10.5-kb femA and femB fragment containing PstI, respectively, were used through the courtesy of Brigitte Berger-Bachi (2). A standard methodology was followed for 3"P labeling of the probes by nick translation, prehybridization, and hybridization (21) . The hybridization was carried out at 42°C in 50% formaldehyde. Nick-translated plasmid DNA was denatured and added to the hybridization mixtures without the separation of unincorporated nucleotides. When the membranes were rehybridized, the previous probe was removed by boiling in 0.1% sodium dodecyl sulfate for 10 min.
Physical characterization of the mutants with EcoRI, PstI, EcoRV, and HindHI by probing with the Tn551 probe. The enzymes EcoRI, PstI, and EcoRV have no restriction sites in TnS5, whereas the enzyme HindIII has two recognition sites (22) , both of which are included in the probe used (for the physical map of TnSSl, see reference 12). The sizes of the DNA fragments generated after restriction with EcoRI, PstI, and EcoRV and hybridization with the TnSSl probe represent the sum of the chromosomal fragment size, in which the transposon is integrated with the size of TnSSI (5.2 kb). In Tables 2 to 5 the molecular sizes of the fragments are given after subtraction of 5.2 kb. Hybridization of the DNAs restricted with HindIII generates three bands; one corresponds to the internal TnS51-HindIII fragment, and there are two others (one includes the 1.0-kb HindIII-TnS51 right junction and the other includes the 3.0-kb HindIII-TnS51 left junction).
As with the other enzymes the results presented in Tables 2 to   5 indicate the size of the fragments in which the insertions were located (i.e., sum of the three hybridization bands minus insertions must be in the 10.5-kb PstI fragment (PstI-alpha) known to contain the femA-femB genes (2) . In contrast, with the other six mutants, in which the TnS51-hybridizing band had a size of 17.6 kb, pBBB31 still hybridized with a 10.5-kb fragment. Therefore, in this group of six mutants the TnS5l insert is outside of the femA-femB region in a 12.4-kb PstI fragment (PstI-beta) ( Table 2) . These conclusions were confirmed by restriction of the same DNAs with EcoRV and hybridization with the Tn551 probe, which also allowed the assignment of the insertions to the EcoRV fragments, as indicated in Table 2 . After removing the TnS5l probe, the gels were hybridized with another probe (pBBB13) carrying a 10.5-kb PstI fragment covering the entire femAl-femB region, including their flanking regions (2) . In the six mutants in which the insertions were located in PstI-beta, the hybridization with this probe generated six bands of 4.3, 4.0, 2.5, 2.2, 1.6, and 1.2 kb (Fig. 2) , as was expected from previously published results (4). In the five mutants whose inserts mapped in PstI-alpha, there was a loss of one EcoRV fragment which was replaced by another one, the molecular size of which corresponded to that of the lost fragment plus the size of TnS5l (5.2 kb). For instance, in mutant RUSA251 ((Q573) the 1.2-kb band was replaced by a 6.4-kb band, in RUSA148 (Q574) the 1.6-kb band was replaced by a 6.8-kb band, in RUSA291 (Q576) the 4.0-kb band was replaced by a 9.2-kb band, and in mutants RUSA270 (Q575) and RUSA217a the 4.3-kb band was replaced by a 9.5-kb band (Fig. 2) .
Next, these five mutants were further characterized by HindIII restriction. The insert in mutant RUSA251 (Q573) was mapped to the 1.2-kb EcoRV fragment known to containfemB (2) . HindIII restriction of this mutant showed that its insertion is located in the same distal part offemB as those for a group of six previously described mutants (RUSAII-1, RUSAIII-2, RUSAIII-3, RUSA10, RUSAiH1, and RUSA20F) (see references in Table 1 , and for a review, see reference 9). On the other hand, mutants RUSA270 (omega 575) and RUSA217a, whose mutations are located in the 4.3-kb EcoRV fragment (Table 2) , were shown to be distinct by HindlIl restriction (Table 2) . Strain RUSA217a was not analyzed further since after HindlIl restriction and hybridization with Tn551 it produced only two (instead of the expected three) bands. The mutations in the last two of the PstI-alpha mutants were located in 1.6-kb (Q574) and 4.0-kb (Q576) EcoRV fragments, respectively, which were clearly different from the fragments in which femA (2.2 kb) or femB (1.2 kb) reside (Fig. 2) ,ug ml-'), without subpopulations of more resistant colonies, strain RUSA221 had a typical heterogeneous resistance phenotype (class 3). By restriction analysis it was possible to confirm that the insertion sites in RUSA138 and RUSA311 lie in mecA, whereas the insertion site in RUSA221 probably lies outside mecA in a new auxiliary gene that has not yet been characterized (Table 4) . A more definitive localization of the insert in RUSA221 must wait until hybridization with the mecA-specific DNA probe is performed. Mutations in fragment SmaI-I. The insert in a previously isolated mutant, RUSA12F (15) , was mapped to SmaI fragment I and was used to define a new locus, referred to asfemD (4). In our current study 11 new inserts (Q1720 to Q726, Q1728 to Q1730 and mutant RUSA168) were mapped to SmaI-I (Table 5) .
Of these 11 mutants, the inserts in 7 (Q1720 to Q1726) were located in the largest HindIlI fragment (34 kb) and in the same EcoRI (10.3 kb) and EcoRV (7.5 kb) fragments; 6 of the inserts (the RUSA315 cluster) were also on a common PstI fragment (5.8 kb) and shared identical RFLP patterns after HindIII restriction. These 6 mutants differed from the previously described mutant 12F (femD) only in their RFLP patterns with HindIII. These mutations may indeed lie in femD, but at an insertion site different from that in 12F.
The mutation in the seventh mutant (RUSA266; Q1726) was located in a different PstI fragment (1.8 kb) and had a different RFLP pattern with HindIII that also differed from the pattern of the RUSA315 cluster.
Of the remaining four new mutants (RUSA192, RUSA122, RUSA150, and RUSA168), RUSA192 had distinct RFLP patterns with PstI, EcoRI and EcoRV, and HindIlI. The mutations in the three other mutants were located on identical PstI and EcoRI fragments but different EcoRV fragments, and RUSA150 and RUSA168, but not RUSA122, also shared a common EcoRV fragment. RUSA168 was not assigned an omega number (it had only two Hindlll fragments). Tables 2 to 5 . In all of these 21 crosses 100% cotransduction of the Eryr marker with reduced methicillin resistance was obtained. There was no evidence of reversion to resistance or transposition.
Effects of Tn551 mutation on bacterial physiology. Several of the auxiliary mutants that were analyzed showed clearly reduced growth rates compared with that of the parental bacterium. This was also true when the Tn551 mutation was crossed out of the MRSA genetic background into a laboratory-derived methicillin-resistant step mutant, strain M100 (25) (data not shown). The effect of the Tn551 insertion on the phenotypic expression of antibiotic resistance traits other than resistance against beta-lactam antibiotics was tested with mutant RUSA10 by using susceptibilities to D-cycloserine, tetracycline, ofloxacin, and gentamicin. In contrast to the massive reduction in the methicillin resistance level and the appearance of a heterogeneous phenotype, the mutation in RUSA10 did not change the susceptibilities (MICs) of the parental strain COL to tetracycline (200 ,ug ml-'), ofloxacin (1.5 ,ug ml-'), gentamicin (0.75 ,ug ml-'), or D-cycloserine (50 ,ug ml-1), and the expression of resistance to these antibiotics remained homogeneous (Fig. 3) . DISCUSSION While all MRSA isolates carry the central genetic element of methicillin resistance, the mecA gene, the level (MIC) and mode of expression (homogeneous versus heterogeneous) of antibiotic resistance is not controlled only through the transcription and translation of mecA but can also be profoundly influenced by a variety of environmental factors and by a surprisingly large number of chromosomal genes (auxiliary or fem genes), the primary functions of which are not understood.
Transposon mutagenesis combined with high-resolution biochemical analysis has begun to provide some fascinating insights into the steps of a complex pathway that seems to lead from the mecA gene to the antibiotic resistance phenotype in these bacteria. In the studies described here, we used a new Tn551 library constructed in the background of an MRSA strain with homogeneous and an unusually high methicillin resistance level (MIC, 1,600 ,ug/ml). We selected mutants for which the methicillin MIC was reduced by at least 10-fold.
In the characterization of the new TnS5l library, we wished to establish how many of these new mutations were in already identified fem genes and how many involved new and distinct insertion sites. Using physical mapping data we also hoped to provide a reasonable, minimal estimate for the number of genetic elements represented by the new insertion sites.
Among the 70 new insertional mutations described here only two were Tn551 inserts inside the mecA gene. Thus, it appears that the overwhelming majority of the new TnS51 mutations are in auxiliary (23) orfem (3) genes, i.e., in the unique genetic determinants needed for the phenotypic expression of optimal (high) levels of methicillin resistance. Previous work has described 12 Tn551 MRSA mutants of this type. The first one of these, (12003, has led to the identification of thefernA gene by Berger-Bachi and colleagues (1, 2) . A second mutation (mutant III/8) isolated by John Kornblum (15) was also mapped infemnA (2) . Six additional mutations were mapped in the distal part of a second locus, femB (2, 9) , and more recently, a mutation was also identified in the open reading frame offemB (14) . Two additional mutants, 1H and 12F (15) , have led to the identification of genes femC and femD, respectively (4, 11) . A single Tn551 mutation in mutant RUSA4 (17) was located inside the mecA gene (16) in the SmaI chromosome fragment F of COL (9) .
In contrast to these 12 previously described insertional mutations which were located on either SmaI fragment A or I, the large crop of new insertion sites described in this report were scattered over 7 of the 16 SmaI fragments, 48 sites in fragment A (where femA, femB, and femC are located), 4 Several sites of the chromosome appeared to represent preferential integration sites ("hot spots") for TnS5l. These are the distal part of femB (7 independent inserts), the femC locus (12 or 14 inserts), the RUSA112 cluster (4 inserts) located on SmaI-A and on a 14-kb EcoRI fragment, and the RUSA315 cluster (6 inserts) on the SmaI-I fragment.
The new mutants were isolated through a screen designed to pick up mutants even with relatively modest (10-fold) decrease in resistance. Nevertheless, for many of the mutants with new inserts outside the femA, femB, femC, and femD loci, the methicillin MICs were drastically reduced (3 to 25 ,ug/ml).
How many of these 41 new insertion sites represent new genetic determinants will remain unknown until cloning and sequencing are completed. Nevertheless, one may attempt to make a minimal estimate on the basis of the mapping data alone.
Among the new inserts, the one in mutant RUSA270 is in the 4.3-kb EcoRV fragment located upstream of femA (2) , and those in the two mutants (RUSA148 and RUSA291) are located in the EcoRV fragments 1.6 and 4.0 kb, respectively, downstream of femB (2) . These three mutants must represent at least two new auxiliary genes. The five new inserts on the PstI-beta fragment should represent at least one additional determinant, i.e., a third new auxiliary gene.
The 19 new inserts outside of the femC locus must represent at least one additional gene, raising the number of new auxiliary determinants to four.
By similar arguments, the new inserts located on SmaaI fragments C, D, E, and F must each represent at least one additional auxiliary determinant, i.e., a total of at least four new genes. There are four new inserts located on SmaI fragment B; three of these (in RUSA281, RUSA262, and RUSA235) have distinct restriction fragmentation patterns. Cell wall analysis has shown that while RUSA281 had a normal muropeptide composition, RUSA262 and RUSA235 each exhibited distinct abnormalities in their peptidoglycans (unpublished data). Therefore, this group of insertional mutants is likely to include at least three new genes.
Thus, not even counting the new inserts in SmaI fragment I, a likely and minimal estimate of the number of new auxiliary genes represented by the insertional mutants described here is 11. This added to the already identifiedfemnA,femB,femC, and femD genes raises the number of auxiliary determinants to 15.
Why so many genetic determinants outside of the mecA locus are needed for optimizing the methicillin resistance phenotype is not clear at present. It is also unclear how these auxiliary determinants influence the mode of expression and the quantitative level of beta-lactam resistance. In the auxiliary mutants that have already been studied in some detail, the mecA gene was intact and was normally expressed into its gene product, PBP 2A. Thus, the auxiliary genes do not fall in the category of regulatory genes but are perhaps better referred to as antibiotic response genes. Some clues concerning the nature of at least some of the fem genes began to emerge through recent biochemical analysis of the cell wall peptidoglycan in the femA, femB, femC, and femD mutants. The femrA and femB mutants had abnormal peptidoglycan cross bridge structures (5, 6, 7); a femC mutant was shown to be blocked in the amidation of the alpha carboxyl group of the D-glutamic acid residues in the muropeptide subunits (18) , and a defect in a gene controlling the rate of biosynthesis of the unsubstituted disaccharide pentapeptide precursor was postulated as a way of explaining the structural abnormalities detected in the cell wall of afemD mutant (6) . A model for the mechanism of how such abnormalities of muropeptide structure may lead to reduction in the level of beta-lactam antibiotic resistance has recently been proposed (9) .
The consistent appearance of heterogeneity among virtually all auxiliary mutants described so far is not well understood. It is possible that in most of these mutants the Tn551 insert is either in the promoter or in the distal part of the open reading frame. This is consistent with the finding that normal (parental) muropeptide species are present (albeit in greatly reduced quantities) in the cell walls of several of the auxiliary mutants analyzed so far. It is indeed possible that insertions in the open reading frames of these genes would be lethal. The auxiliary mutants may indeed represent "methicillin-conditional" mu- 
